are shcewn in Table 5.

TABLE 5. A comparsion of four point probe resistivity measurements made

at Rockwell and MURR.

Rockwell Data MURR Data 100 pr_pm
Sample Resistivity (Q-cm) Resistivity (Q-cm) -—72:—-——
2.29 x 10° 2.27 x 10> +0.88
2.Lk2 2.43 -0.41
8. 53 2.45 -0.82
2.%93 2.53 0.00
2.50 2.52 -0.99
257 2.58 -0.39
2.57 2.58 -0.39
2+95 2.56 -0.39
2.58 2.55 0.00
2.53 2.k9 +1.61

.

It is seen that the agreement between the two laboratories is quite good
for this resistivity range the average deviation being ebout + 0.6%. The
agreement between the four point probe measurements has been chserved to
decrease with further increases in resistivity. On comparing both laboratories'
four point probe measurements with Van der Pauw measurements on samples with
resistivities in the T7000-8000 Qi-cm range we find the devistion at MURR
from Van der Pauw to be + 1.5% while the deviation of the Rockwell mecasurements
is + 5%.

This increased error with resistivity seems to be following a power

law dependence given by the expression
100——55—-— = Kp" .
Although the constant K is smaller for our data than for that given

by the A.S.T.M., the value for n is in reasonable agreement. We find the
following to hold for the two sets of data:
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The physical meaning of these equations is obscure, however, a
similar power lew is observed for the calibration curves for spreading
resistance measurements. The difference between the A.S.T.M. and MURR
values for K are not known, however, the A.S.T.M. data is teken for both
n- and p-type Si in various orientations while the MURR data is teaken
on p-type only on a (111) face. The upper expression is useful for |
estimating the maximum expected error for intrinsic material at 230,000
f2-cm. We find an expected value of about :_22% at this resistivity value.

This estimated error is in reasonable agreement with deviations in resistivity

for samples neutron irradiated to the same fluence but before annealing

(nearly intrinsic but slightly p-type).
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P, Minority Carrier Lifetime Apparatus

The minority carrier lifetime of &ll ingots before irradiation and
some after irradiation and annealing have been measured by the photoconductive
decsy technique. Ingots are coated with Aquadag solution on each end and held
in a small lab vise to which braided copper shielding wire has been flattened
and attached to the vise Jaws for contacting. The contacting area is
shielded from the light to prevent photovoltaic effects from the contacts.
This effect can be detected if observed as a linear decey of the junction
capacitance of a blocking contact.

A small power supply supplies the bias voltage across the sample and
a variable series load resistor. This resistor is adjusted for maximum
signal before data is taken, an essential procedure for interpretation of
the decay.lh Optical excitation is provided by a General Radio Strobotac
model 1531—ABlS whose pulse time is short compared to the photoconductive
decay time constant. The signal is observed with a Tektronix Type 54T
oscilloscope with a dual trace plug-in unit.16

Typical decay voltage as a function of time are shown in Figure 15.

It can be shown that the voltage signal as a function of time for the

condition that R load = R sample is given by17
bn)  -t/t
v(t) = n (20)
v, . 0 B 2
bias {l s _A_r_;_) e—t/'!] }
n
(o (o

where (An/no)o 1s the maximum change in minority carrier concentration
and T is the carrier lifetime. For times long compared to the optical
excitation decay

v(t) +(_A£_) S

Vbias % /o
Therefore, a semilog plot of V(t)/vbias has a slope of 11 where T is the

minority carrier lifetime.

Care has been taken not to optically overmodulate the samples since
this is known to produce exaggerated lifetimes. The procedure we use is

to reduce the light intensity until the observed decay time constant becomes

a minimum. It is also important that the carrier sweep out time given

by
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Figure 15. Typical photoconductive decay curves for

determining minority carrier lifetime.
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where L is the sample length and u the carrier mobility, be long compared
to the decay time.

Trapping effects have been detected in some samples by observing a
decrease in the decay time when the sample is simultaneously illuminated from
a dc tungsten light source(ﬁw<Eg). In these cases, the lifetime is assumed
to be that observed during dc illumination if the reduction in decay time
saturates.

Circuitry has been developed to eliminate the need to teke data from
the exponential photoconductive decay displayed on the oscilloscope. A
variable time constant, variable pulse height exponential generator has
been constructed which provides a decay time constant whose value can be
obtained from the setting of a ten-turn pot. This exponential pulse is
triggered from the strobotac, inverted, and added to the photoconductive
decay signal. The oscilloscope then functions as a null detector. A
straight line signal indicates that the exponential generator has matched
the photoconductive signal in both amplitude and time constant. Deviations
from non-exponential decays and trapping effects are easily detected with
this system. A schematic of the system is shown in Figure 16 while a

circuit diagram for the exponential pulse generator is shown in Figure 1T7.




p——

o

TR

A IR TN e AR

:
t

TABLE 10.

Elemental Concentrations Measured in Four Silicon Ingots

Impurity level measured in atoms of impurity/c.c.¥

Element Rockwell V2-0T72 Topsil 36-520 Wackers 30661-6 Lopex L1092
In n.d. n.d. n.d. n.d. i
Mn n.d. Y2 x 1012 n.d. n.d. ﬂ
Mo Al x 1012 n.d. n.d. Dol
Cu 2.9 x 10*° T x 1001 1.1 x W 1.3 x 10™2
Ge. n.d. n.d. n.d. n.d.
Au LT x 109 ned. Sie 31 107 3 x 107 j
W n.d. . Qe n.d. n.d.
As n.d. n.d. n.d. n.d.
Sb n.d. n.d. n.d. n.d-
Yb n.d. n.d. n.d. n.d.
Na 8.9 x 1013 2.0 x 1013 18 x 1013 1.9 x 1013
Eu n.d. n.d. n.d. n.d.
Cr n.d. n.d. n.d. H.d.
Th n.d. n.d. n.d. n.d.
Se n.d. n.d. n.d. n.d.
Hf n.d. n.d. n.d. n.d.
Co n.d. n.d. n.d. n.d.
Ag B e n.d. n.d. n.d.
Ta n.d. n.d. n.d. n.d.
*¥ n.d. indicates not detected concentrations asbove the background. Detection

limits are given in Table 9.
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C. Irradiation and Anneal Experiments

It is instructive at this point to consider the types and amounts of

radiation damage which result from a typical neutron transmutastion irradiation.

F We will consider the following scurces of damage:
i ° Fast neutron damage for & graphite moderated neutron energy spectrum
% (this case will be an approximation %o our sample irradiation position).
H ° Fast neutron damage from a fission neutron energy spectrum (this case
will epproximate in pile irradiations found in the literature).
§ ° Gemma demage from fission gammas from the reactor pile.
® Gamma recoil damage (this damage occurs as s result of conservation of ‘
: momentum when a gamma is emitted from an excited Si nucleus after f
? thermal neutron capture). i
. Beta recoil damage (this damage occurs as a result of conservation of T
‘ momentum when the beta is emitted in the deexcitation of 30Si > 31? + B,

We will neglect demage from (n, p), (n, a), and (y, n) etec. , reactions
because of their low cross sections for neutron energies of interest.
Although (n, Y) reactions with boron have large cross sections, the boron i
concentration in our samples is negligible compared tc the silicon concen- :
tration. Also, we estimate that the damage from the R emitted during
3lP production will produce about the same number of displacements as the
recoil.

Although the estimates of the number of displacements due to each of
thece processes is very approximate, it is instructive to make a rough
calculation to estimate the magnitude of each of these effects.

§ The number of displaced stoms per unit volume per sec is calculated

o

from the equation
dND = N,0¢v

T T (21) ]

SN LRI AN Dbt T

where ND is the number of displacements per unit volume, NT the number of

target atoms per unit volume, ¢ is the flux of damaging particles (# particles/

cm2/sec) and v is the number of displacements per incident damasging particle.

We will estimate v from the Kinchin-Pease model.21 In this model
. B
V(Ep) R/2E, (22)
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for fﬁ >» 2E, where E. is the average kinetic energy of the recoiling

d R
lattice atom and Ed is the displacement threshold in silicon which we
take as about 12 eV.22 The maximum recoil kinetic energy of a target atom

struct by a neutron of energy En is given by

LE
POt - S,

A (23)
3

ER(max) =

when A is the target material atomic weight.2

For a fission neutron spectrum, the average recoil kinetic energy is

given by 23
¥ Ep (max)
R (fission neutron) = —————— (2k)
2
while for a graphite moderated spectrum
Eﬁ (moderated neutron) = 1/2 ER(max) (25)

E_(max)
R
1 —— -
E [.Ed }

We shall assume that the average neutron energy to be used in equation (23)
is 1.5 MeV. Then we find from (23), (24), and (25) that

ER(max) = U4(1.5 MeV) = 21L keV,
28

Eé (fission neutron) = 214 keV = 107 keV
2
and
Eﬁ (moderated neutron) = 1/2(21L keV) = 10.9 keV.
2
v 214 x 10~ eV

We find, using (22), that the number of displacements per neutron is
much higher for a fission spectrum than for a moderated spectrum, i.e.,

v (fission) = ;nggeZv) = L4458 displacements/neutron (26)

and
10.9 keV

vV (moderated) = 502 oV

= 455 displacements/neutron. (27)

Furthermore, in our bulk pool facility, assuming a Cd ratio of e&bout 30:1,
the fast flux is about (5 x lolln/cmz/sec)/30 = 1,67 x lOlOn/cmz/sec. For
an in-core irradiation, the Cd ratio is about 1l:1 and a typical fast flux
is, therefore, 5 x 1013n/cm2/sec. Using these fluxes and assuming that the
displacement cross section is approximately equal to the scattering cross

section23, which we will assume is 3 x 10'2h

68
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dND (fast neutron in core)

dt

13)

(5 x 10°°)(3 x 10’2“)(hh58)(5 x 10

3.35 x 1016 displacements/cm3/sec. (28)

Using (21) and (27 ) we find also that

(5 x 1022)(3 X 10'2h)(t55)(1.67 x 1010)

4N

azg(fast neutron in pool)
o 12 3
= 1.14 x 107° displacements/cm”/sec. (29)

The gamma flux radiation damage is alsc quite different since in core
the photon flux is about 3 x 106R/sec while in our bulk pool facility it is
about 3 x 102R/sec. The cross section, og(Y), for displiacements is dominated
by Compton electron displacements and is nearly independent cf photon

b |
23, 2k We will assume

energy in siliccn for typical fission gamma energies.
that this cross section is about 1 x 10-25cm2 for 100 keV < EY < 2 MeV and
that 1 R/sec = 2 x 107 1 Mev photons/cmz/sec.25 Then the number of

displacements is

9By (gamma in pile) = (5 x 10°2)(1 x 2072%)(3 x 10°)(2 x 10%) (30)
dt 13 3
= 3 x 107~ displacements/cm™/sec
and
fﬁg (gamma bulk pool) = (5 x 10°%)(1 x 1072%)(3 x 10%)(2 x 10%)
= = 3 x 109 displacements/cm3/sec. (31)

The various silicon isotopes after thermal neutron absorption relax
from excited states by prompt gemme emission. This imparts & recoil to the

silicon isotope in order to conserve momentum. Since

o ot 2
.- e
ER =1/2 = 1/2 M02 .

An average over all silicon isotopes and eross seetions yields an average
20,

recoil kinetic energy of T80 eV. o Therefore, using (22), we find

_.780 eV

= 5017 eV = 32.5 displacements/thermal neutron.

v
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5cm2 and the

The average cross section for these processes27 is 1.3 % 10'2
flux of interest is the thermal neutron flux, therefore
an

D (¥recoil in core) = (5 x 1022)(1.3 x 10-25)(5 x 1013)(32.5)
dt
= 1.06 x 1003 displacements/cm3/sec (32)
and
sy, 22 -25 11
% (y-recoil in pool) = (5 x 10°7)(1.3 x 10 °7)(5 x 1077)(32.5)

1.06 x 10t displacements/cmB/sec. (33)

A similar procedure can be applied to beta decay recoil. Assuming the
beta energy to be EB = 1.5 MeV, and using conservation of momentum, we
find

2 N2 L
P_/Eﬁ'(moc) = MV
c

2 2,2

= & C

B, = v =172 B - (RO = 33,2 eV.
MC2

Therefore, using (22 ),
v = ég?%§s§v> = 2,76 displacements/neutron absorbed.

Since this occurs for only 3% of the total silicon atoms, with a cross
section of 1.1 x 10—25cm2,

dN s
EER (B recoil in core) = (0.03)(5 x 1022)(1.1 x 10-25)(5 x 1013)(2.76)
= 2.3 x 10°° displacements/cm3/sec (34)
and
Sy 20 2 11
o (B recoil in pool) = (0.03)(5 x 10°“)(1.1 x 10~ 5)(5 x 107 )(2.76)

= 2.3 x 108 displacements/cm3/sec. (35)

These numbers must be compared with the rate of producing phosphorus atoms
which is

an
S (1n core) = (0.03)(5 x 10°%)(1.1 x 1072%)(5 x 10%3)
= 8,25 x 107 [P]/cm3/sec. (36)
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(0.03)(5 x 1022)(1.1 x 10'25)(5 x 10

)

——E-(in pool)

8.25 x 107 [P]/cm3/sec. (37)

We can now compare the number of displacements per phosphorus atom
produced by each of these mechanisms. This information is summarized in
Table 11.

Although these calculations are quite speculative, several differences
between in-core (low Cd ratio) and in-pool (high Cd ratio) irradiations
become apparent. It is clear that the fission gamma and beta recoil
damage is point-defect like. The annealing characteristics of this damage
should be similar to 1 Mev electron irradiation data. It is also clear that
the gamma recoil damage is a significant fraction of the radiation damage
for in-pool irradiations but is relatively less significant for in-core
irradiations.

Chukichev and Vavilov have estimated experimentally that the number of
gamma recoil displacements is about equal to the number of fast neutron
displacements in a heavy water moderated reactor.2T Our ratio of fast
neutron to gamme recoil displacements is of the order of 10:1 for an
in-pool position with a €d ratio of 30:1. Since the Cd ratio in a heavy
water reactor is between 100:1 to 1000:1, our calculations ere in reasonable
agreement with the experimental data in Ref. 27.

It is not clear whether to treat the gamma recoil radiation damage &s
point defect like or cluster like. The average number of displacements per
neutron is rather large (32.5 displacements/thermal neutror' and
suggests at least the production of small clusters. The actual number of
displacements per thermal neutron absorbed, however, range from about 10
or 20 up to 80 to 160. There is, therefore, a continuous distribution of
cluster sizes which approach the point defect distributions at the lower
end. The same cluster size arguments can be made about fast neutron damage
from & highly moderated energy spectrum.

We have considered gamma recoil damage both as cluster like and point
defect like in Table 11, to calculate the ratio of cluster like displacements
to point defect like displacements for our two cases of interest. It seems
likely that the in-core irradiations deposit 300 to 3000 more

displacements in clusters than in point defects as compared to in-pool

T
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TABLE 11. Number of Displacements per Phosphorus Produced

Position In Core _In Pool
i ¢th =5 x 1Ol3n/cmgsec ¢th =5 x lOlln/Cmg/SeC
Damage Particle Cd ratio = 1:1 Cd ratio = 30:1
]

Fast Neutron L.06 x lO6 1.38 x 10h
Fission Gammsa 1.0 36.4
Gamma Recoil 1.29 x lO3 1,29 x lO3
Beta Recoil 2.76 2.76
Total Disp./ [ P] 4.06 x 10° 151 x 10°
Cluster/Pt. Defect Ratio:
(If gamma recoil = cluster) 31Lk0 10.4
(If gamma recoil = pt. defect) 1.08 x lO6 385

Ratio of Core to Pool

(Gamme recoil = cluster)

(Gamma recoil = pt. defect)

Cluster to Pt. Defect Ratios:
302
2805

VD
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g irradiations. BSuch a large difference in the defect spectrum is very likely

to produce differences in annealing characteristics for the two cases.

; We will discuss some of these differences in the following discussion on
annealing.

; Table 12 is a summary of all the irradiations performed thus far,
the sample number, the fluence, the phosphorus concentration

: calculated from the cross section, and initial resistivity assuming a

l typical mobility, and the purpose of the irradiation. In this table,
¢C is the fluence required to take the particular p-type sample from its

. initial resistivity to intrinsic (or exact compensation of the residual

boron by the phosphorus added). An inspection of this table shows immediately
{ the failure to control the resistivity for partial compensation on the p-

type side of intrinsic (i.e. & < @C) due to premature type conversion,

Figure 29 shows this premature type conversion effect. This figure
compares an isochronal anneal in argon of a wafer of Rockwell float zone,

MURR 1, with the annealing in air of a piece of Monsanto Czochralski, and
vacuum anneals of float zone and Czochralski by Kharchenko et al.28’29
The solid bar is the expected p~type resistivity for the Rockwell float
zone after the final anneal on the basis of the number of donors added
[0.042 ppb]. Instead the final resistivity is sbout L0OO Q-cm n-type (the
type conversion probably occurred between 600 and 800°C) a gain of extra
donors of 0.282 ppb (1.4l x 10%3 3)
doping [0.042 ppb].

Also shown on this figure is the isochronal annealing of a second

atoms/cm~) beyond that added by neutron

unirradiated Rockwell sample from the same wafer. It should be noted
that the unirradiated sample shows no adverse effects of the annealing
and that the resistivity of the irradiated sample MURR 1 drops below that
| of the unirradiated sample at 300°C.

The heavily irradiated float zone sample by Kharchenko shows no
type conversion peaks, i.e., no rise in resistivity toward intrinsic

(230,000 Q-cm). This is confirmed by their Hall measurements directly

R

after irradiation but before annealing.29 It should be noted that a
drafting error has apparently been made in Figure 1 of Ref. 29 since the
final values of n = 5 x lol?’cm-3 and p = 1 Q-cm imply an electron

mobility of 125,000 cm2/V-sec, some two orders of magnitude tooc high!
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Figure 29. A comparison of isochronal annealing of
transmutation doped float zone and
Czochralski silicon.
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Their sample was irradiated to a fluence of about 2.68 x 10 n/cm

compared to the Rockwell sample fluence of 1.30 x 1016n/cm2. Therefore,
their sample experienced a fluence of some 2000 times that of most of the
samples listed in Table 12. Furthermore, their sample was irradiated in
core while ours was irradiated in pool (see Table 11). Because of the
fluence differences and position differences, it is estimated that the

2 %o 6 x 106 times

number of displacements going into clusters is 6 x 10
greater than for our samples. The number of point defects is about 2000
times greater.

It is instructive to compare the radiation demage in the float zone
sample by Kharchenko, et al. with the damage produced by a ?+ ion implanted
sample. The neutron fluence for a 1 Q-cm n-type final resistivity end
1000 Q-cm p-type starting resistivity can be calculated from (7) to be
2.68 x lOl9 n/cm2. The number of displacements is then, using ¢ = ¢t,
and equation (21),

= 5% 107 St = 10” ek

Ny = )(2.68 x 1077 (4k458)

= 1.79 x 1022 displacements/cmB. (37)

Since silicon contains only 5 x lO22 atoms/cma, it is clear that the
radiation damage in the Kharchenko sample is approaching the amorphorus
condition.

To produce an smorphorus layer by P+ ion implantation, a dose of about
S lOlh ions/cm2 at 4O keV is required.3o The number of displacements per
ion can be calculated from (22) to yield

__E _ Lo kev I e .
v = ey iz ev) - 1.666 x 10~ disp./ion.

Since the depth of a L0 keV P+ imwplant is about 2 x lO-5 cm, because cof en-
henced diffusion (see Figure 2.27, p. 56 in Ref. 30), the number of

displacements is

L
Nd = (5 x lOl ions/cm2)(l.667 X lO3 displacements/ion)
e X% lO-Scm
= 4 x 1022 displacements/cmz. (38)

We can conclude from a comparison of (37 ) and ( 38) that the Kharchenko

i
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float zone sample is nearly amorphorus as a result of fast neutron damage.
This condition has interesting consequences. In ion-implanted silicon,

annealing up to temperatures of about 800°C are reguired for complete

electrical activity of the implanted ion in cases where an amorphorus layer

3 The recovery of the electrical activity of an amorphorus

is not formed.
layer is completed by about 600°C and is closely related to the formation
of crystalline films of Si during vacuum evaporation and to epitaxial

regrowth.33

Figare 29 also shows, for comparison, the isochronal annealing of two
Czochralski silicon samples ([0] ~ lolacm-3). The data for the Kherchenko
sample is taken from Ref., 29. The reverse annealing peasks are evident in
both Czochralski samples and are apparently related to the high oxygen
concentration in these samples and not to neutron fluence.

Evidence for this point of view is shown in Figure 30. These float
zone samples were irradiated to a fluence sufficient to produce v 100 Q-cm
n-type. The expected final resistivity values calculated from the starting
resistivity are shown on the figure. The Topsil sample came to within 1%
of the expected donor concentration while the Rockwell sample was only
slightly worse. It should be noted that the fluences for these two samples
ere similar to the fluences for the Czochrelski samples in the previous
figure, however, the annealing peaks and dips between 200 and 500°C do not
appear in the float zone material at this fluence. Furthermore, dislocation
density does not appear to have a direct correlation with the lack of the
reverse annealing peaks shown in Figure 29 since the Rockwell sample in
Figure 30 is highly dislocated while the Topsil sample is not. We conclude
then, on the basis of circumstantial evidence, that the reverse annealing
peaks are a result of the concentration of oxygen relative to the level of
phorphorus. (The oxygen concentration is thought to be between lO13 to
10> e 3 in float zone silicon).

Kharchenko et al. also state that ;heir Czochralski samples were p-
)

type up to 600°C and n-type thereafter. (Théir Czochralski samples are
apparently irradiated in-pool). We conclude from our data in Figure 30
that electrical activity of the phosphorus begins at about 600°C in

agreement with their conclusions. The large reverse annealing peak from
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600-800°C is primarily associated with the electrical activation of
phosphorus. The Rockwell sample resistivity is intrinsic at T00°C while
the intrinsic peask in the Topsil sample has apparently been missed. It
can further be concluded from the data in Figure 30 that nearly all the
electrically active radiation damage has annealed at temperatures belcw
6Q0°C. This contention can be justified as follows.

We can calculste the number of electrically active donors as a function
of isochronal annealing temperature assuming that the mobility has completely
recovered before 600°C and that the reverse annealing peak between 600
and 800°C is the result of a type conversion from p-type to n-type due
to the electrical activation of phosphorus. (The thermal probe type &s
a function of annealing temperature is shown on the figure). On the basis
of this assumption we can calculate the fraction of phosphorus which is not
electrically active (N/No) as a function of annealing temperature. We
assume that this fraction is unity at the resistivity minimum. Then if the

electrical activation is governed by first order annealing kinetics,

d(N/NO)

-K(T)(N/N )
at =

~E/&T is the temperature dependent rate gt which the

where K(7) = Noe
fraction of phosphorus not electrically active decreases at the various

annealing temperatures. From the gbove

- M -E/kT
in (NO/N) = (hot)e

where t is the annealing time at temperature T. For equal annealing times
at variocus temperatures, a plot of 1n NO/N vs. 1/T yields the activation
energy for the process while the intercept yields the defect jump frequency.

The result of this first order analysis is shown in Figure 31. It
is clear that the first order annealing assumption is reasonable and that
the first order annealing occurs throughout the type conversion peak in
Figure 30. To have obtained this result, the two assumptions mentioned
previously must be valid, i.e., & lack of electrically active damsage &t
temperatures above 600° and the complete recovery of carrier mobility
before 600°C.

The first order annealing analysis suggests that the ectivation energy
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for the phosphorus to become electrically active is 0.96 + 0.05 eV while
the jump frequency is about 2 x lOgsec_l. This activation energy is

t

13__ ~1,34
of the vacancy phosphorus E-center (E = 0.93 + 0.05 eV, ¥ = 1.6 x 10 “sec )
and for the electrical disappearance of a deep acceptor (EC-O.L)eV thought

- 1

to be the E-center (E = 0.94 eV, V_ = 10%0ee .
Watkins and Corbett suggest that the lower Jump frequency in Ref. 25

indicates the diffusion of the E-center through the lattice over great

distances (1013/108 = 105 jumps before dissociation at a vacancy sink).
They peint out that an E-center reorientation followed by a vacancy phosphorus

interchange is equivelent to an E-center Jump through the lattice. If we

2 e |
make this same assumption, then we are observing 1013/2 x 10" =5 x 10 -

Jumps before annihilation! For a random walk of 5 x lOlO Jumps of a distance
2

of v 24, the mean distance traveled would be

L =5 2100 (2x10%n) =t.5x103m

i (e}

This is of the order of the smallest sample dimension and would suggest
vacancy enihilation at the sample surface. But this can not be the correct
mechanism for E-center annihilation because it would deposit all the
phosphorus at the sample surface. We know, however, that phosphorus is
uniformly distributed in transmutation doped silicon. We must conclude,

E | then, that free migration of E-centers in NTD-Si does not occur for some

reason. One possibility is that the E-center becomes pinned in some way

E 1 to its lattice position by the clustering with other defects. Since there

» i are approximately three displacements per beta emission when the phosphorus

N ] etom is created by transmutation, it is possible that a di-interstitisl or
di-vacancy, E-center complex is formed which remains stable up to the
higher annealing temperatures observed here.

It should be noted in Figure 30 that at the minimum resistivity near

oy
=

L
600°C in the Topsil sample, the hole concentration is about 6 x 10  em™3,

e A N TR A o A3 S

-
-

Since the initial hole concentration was sbout 2 or 3 x lollcm , We can

safely infer that a very large acceptor concentration has been created

as a result of irradiation and annealing to 550°C (an elternate interpretation

; would be the destruction of 6 x lOlbcm—3 donors but this would imply a
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compensation ratio of 0.9996 before irradietion which is very unlikely).
It will be shown shortly that similar acceptor defect concentrations

have been observed in all float zone studied to date and that this defect
concentration is independent of irradiation fluence over a fluence range
of 50:1. We conclude, therefore, that the magnitude of this concentration
is dependent on the properties of the silicon before irradiation. The

i most likely impurity to be found in highly zone refined silicon in &
concentration range of 3 x 10]'3cm-3 (Rockwell, Wacker) to 5 x lOlhcm-3

(Topsil and T.I.) is oxygen. We, therefore, suggest that these acceptor

.2

defects are single or multiple defect-oxygen complexes, i.e., the oxygen

impurity concentration is decorated as a result of the process of radiation

damage and annealing to 550°C.
Figure 32 shows the recovery of resistivity and minority carrier

lifetime on a Rockwell sample 1" dia x 1" long. The fluence for this

' irradiation was 50% of that necessary to produce type conversion. The

§ annealing shows several unusual features which are found only in the
Rockwell samples and which could possibly be related to the dislocation

’ density. The resistivity between 200°C ans 800°C is multivelued. Shortly
after removal from the annealing furnace and quenching to room temperature

! in trichloroethylene, the resistivity is a minimum but rises to the second

higher value while storing the sample in the dark. Upon illumination from

a tungsten light, the resistivity returns to its t = o value. The

resistivity can be cycled any number of times. The reciprocal of the

3 minority carrier lifetime follows the resistivity in genersal. Very heavy
i trapping is observed in the same region as the largest change in resis-
tivity. This sample type-converts at about 800°C. It should &l.o be
noted that a plateau in the recovery around 300°C is similar to the
Czochralski sample annealing seen previously.

In an attempt to determine if sample contamination is responsible
for the unexpected type conversion, a series of isochronal anneals were

T

performed in argon and a vacuum of 5 x 10 ' torr. The fluences for these

T e P —

irradiations were in the range of ¢ = 0.36 ¢C to ¢ = 0.56 éc where ®c is

the fluence required for exact compensation. The results are shown in

Figures 33 through 39. A comparison of a pair of vacuum and argon anneals

are shown in Figures L0 and 41. Tt can be seen that all of these
83
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